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Abstract Recent observations suggest that substantial phytoplankton blooms occur under sea ice on
Arctic continental shelves during June and July. This is opposed to the traditional view that no signi!cant
biomass is produced in sea!ice covered waters. However, no observational estimates are available on the
Arctic!wide primary production beneath sea ice. Here, using a fully coupled Arctic system model, we
estimate that 63%/41% of the total primary production in the central Arctic occurs in waters covered by sea
ice that is !50%/!85% concentration. The total primary production there is increasing at a rate of 5.2%
per decade during 1980–2018. Increased light transmission, due to the removal of sea ice, more extensive
melt ponds, and thinner sea ice, is implicated as the main cause of increasing trends in primary production.
Plain Language Summary At present, there are no Arctic!wide observations and estimates of
primary production beneath Arctic sea ice because it cannot be measured by satellite and is dif!cult to
access via ship. Utilizing our state!of!the!art Arctic system model, we have quanti!ed the primary
production beneath Arctic sea ice and our !ndings show that the majority of production occurs in waters
covered by at least 50% ice. This analysis represents a major revision to the traditional view that no
signi!cant biomass is produced in sea!ice covered waters. Our results are consistent with recent and very
limited (in space and time) observational studies; however, we provide information for the entire Arctic
Ocean, including increasing trends in production over the time period of 1980–2018.
1. Introduction
Observations of pelagic phytoplankton blooms beneath Arctic sea ice are limited due to the nature of the
problem. Satellite observational systems cannot detect these blooms due to the presence of sea ice.
Therefore, obtaining such measurements requires the use of ship time aboard an icebreaker during spring.
However, the majority of international sampling projects occur later in the season during summer, when
ship travel is easier due to the annual thinning and melting of sea ice (Hill et al., 2018). Sea ice!covered pela-
gic phytoplankton blooms have been detected in the Arctic by limited in situ observations (Arrigo et al., 2012;
Fortier et al., 2002; Fukuchi et al., 1989; Legendre et al., 1989); however, the prevalence and importance of
these blooms to total Arctic primary production (PP) is unknown. It is believed that pelagic diatoms are the
dominant phytoplankton functional type found in sea ice!covered blooms in the Western Arctic. In fact, dia-
toms made up over 80% of the species composition during one bloom observed in July 2011 in the northern
Chukchi Sea beneath heavy sea ice (Arrigo et al., 2012). This bloom was not de!ned as a marginal ice zone
bloom, as one might assume, but was instead observed to extend more than 100 km into the pack ice.
Numerical model results presented here were produced using the Regional Arctic System Model (RASM;
please see Section 2 for a description of the model), and they provide new insights on the timing, distribu-
tion, and trends in diatom chlorophyll!a concentration (chl!a) and PP in sea ice!covered versus open waters
of the Arctic Ocean over the period 1980–2018. The model results presented here have been previously com-
pared with those of Arrigo et al. (2012) and show that the model is able to represent the location and mag-
nitude of the observed bloom quite well, although the timing of the modeled bloom was about 2 weeks
earlier than observed (Frants et al., 2020). The disparity in timing is believed to be due to a small difference
in the modeled position of the ice edge as compared to the satellite!observed sea ice concentration (Frants
et al., 2020).
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• The majority of modeled primary
production in the central Arctic is
found beneath sea ice
• The annual cycle of primary
production in the central Arctic
peaks in June due to the under!ice
fraction of production
• Primary production and
photosynthetically active radiation
are increasing in the central Arctic
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Marine biogeochemical (BGC; mBGC) modeling is a relatively young branch of climate system science, par-
ticularly in the sea ice!covered Arctic. Early relevant work includes that of Slagstad (1985) who utilized a
phytoplankton model driven by two!dimensional (2!D) physical conditions of the Barents Sea marginal
ice zone. In addition, Niebauer and Smith (1989) used a 2!D biological model coupled to ice!atmosphere!
ocean processes in the marginal ice zone of Fram Strait. More recent work by Jin et al. (2016) compared
results among three ice!ocean!biogeochemistry models and found (their Figure 9) that ice!covered PP
(de!ned as regions where ice concentration was >15%) ranged between 25% and 40% of the total PP north
of the Arctic Circle (AC). The horizontal resolution used in this study was below the threshold that allows
for eddy development in the Arctic. Jin et al. (2018) found that moving to a higher spatial resolution and add-
ing an improvedmixed layer depth scheme improved simulation of nitrate concentrations and PP, especially
in areas with sharp bathymetric gradients such as along shelf breaks in the Western Arctic. Their 9!km
model con!guration, which produced results with the lowest biases in the Jin et al. (2018) study, is the pre-
decessor to the updated model version used and analyzed here.
Some of the key challenges in advancing mBGC modeling have been related to the accuracy of large!scale
model physics and interfacial "uxes between model components, the representation of mesoscale space
and time variability, and complex biological!chemical interactions, as well as limited observational data
(Doney, 1999), especially in the Arctic Ocean (Popova et al., 2012). While signi!cant progress has beenmade
to improve carbon cycle feedbacks and/or the iron!limited Southern Ocean modeling in Earth system mod-
els (ESMs; Ciais et al., 2013; Moore et al., 2013; Nevison et al., 2016; Popova et al., 2012), many challenges in
modeling mBGC in the Arctic Ocean remain. The regional modeling approach of RASM is a compromise
between the need for model complexity and high resolution versus model domain and the modern compu-
tational power presently available to address some of those challenges.
2. Methods
We utilize results from RASM to quantify the pelagic diatom chlorophyll!a concentration (chl!a) and PP in
the upper 122 m (12 vertical levels) during the simulation period of 1980–2018. RASM is a high!resolution
atmosphere!ice!ocean!land regional model with a domain encompassing the entire marine cryosphere of
the Northern Hemisphere, including the major in"ow and out"ow pathways, with extensions into the
North Paci!c and Atlantic oceans (Figure 1). The components of RASM are the Weather Research and
Forecasting (WRF) model, the variable in!ltration capacity (VIC) land hydrology model, and the Los
Alamos National Laboratory (LANL) Parallel Ocean Program (POP) and Sea Ice (CICE) Models. In this
“fully!coupled” model, "uxes are communicated between components of the system as shown in Figure 2.
The model resolution is 50 km for WRF and VIC, and 1/12° (9 km) for POP, CICE, and mBGC. RASM
has been developed over the past decade, and each component, as well as the fully coupled system, has been
evaluated substantially (Brunke et al., 2018; Cassano et al., 2017; DuVivier et al., 2016; Hamman et al., 2016,
2017; Jin et al., 2018; A. Roberts et al., 2015; A. F. Roberts et al., 2018). The most recent components added to
this system model are ocean and sea ice biogeochemistry (mBGC), which were added in 2013 and 2016,
respectively (Jeffery et al., 2020; Jin et al., 2018). In the current con!guration, BGC cycling is linked with
"uxes between the sea ice and pelagic ecosystem components.
The ocean BGC component is a medium!complexity Nutrients!Phytoplankton!Zooplankton!Detritus
(NPZD) model (Moore et al., 2002, 2004, 2013) with a total of 24 state variables. The !rst 12 variables are
inorganic nitrate (NO3), inorganic silicate (SiO3), inorganic phosphate (PO4), ammonia (NH4), inorganic
iron (Fe), dissolved inorganic carbon (DIC), alkalinity, dissolved organic nitrogen (DON), dissolved organic
phosphate (DOP), dissolved organic iron (DOFe), dissolved organic carbon (DOC), and dissolved oxygen
(O2). Eleven variables describe three phytoplankton functional groups including diatoms, small phytoplank-
ton ("agellates), and diazotrophs, with explicit carbon, Fe, and chl!a pools for each category, as well as an
explicit SiO3 pool for diatoms and an implicit CaCO3 pool for small phytoplankton. The !nal state variable
is for a herbivorous zooplankton pool. Bacterial activity is implicit in the remineralization rates of nutrients
and organic carbon. Additional details on the BGC model initial conditions and previous model validation
efforts can be found in Jin et al. (2018).
The sea ice BGC component is part of the state!of!the!art CICE Version 6. We are using the option to
vertically resolve the ice (zbgc), which allows for vertical transport and BGC processes throughout the ice
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column with eight layers. The model includes three algal categories
(diatoms, small phytoplankton, and Phaeocystis sp.), two dissolved
organic carbon tracers (polysaccharides and lipids), a DON tracer,
NO3, NH4, SiO3, dissolved Fe (FeD), dimethylsul!de (DMS), and
dissolved and particulate dimethylsulfoniopropionate (DMSPd and
DMSPp). Additional details on the sea ice BGC component can be
found in Jeffery et al. (2020).
Coupled model simulations were run for the time period 1980–2018
after an initial 76!year spin!up integration for the physical (ocean
and sea ice) components and an additional 9!year spin!up for the
BGC ocean and sea ice components. Sea ice concentration is a model
variable that quanti!es the percentage of sea ice covering each model
grid cell. A concentration of 50% means that half of the grid cell is sea
ice!covered and half is sea ice!free or open ocean. In order to quantify
the diatom chl!a beneath sea ice with a concentration of!50%, we (1)
integrated the diatom chl!a over a depth of 0–122 m for each grid cell,
(2) classi!ed each model grid cell as either sea ice!covered or sea
ice!free based on the concentration of sea ice present in each model
grid cell, (3) summed the diatom chl!a in sea ice!covered grid cells
only across four regions (central Arctic [CA], western bloom [WB],
eastern bloom [EB], and AC). Finally, we computed the mean for
the simulation time period (1980–2018) from monthly mean output
(Table 1). The same process was followed for PP (including all three
phytoplankton functional groups) as for diatom chl!a. Due to con-
straints on computation time and storage, we had to make use of
Figure 2. Wiring diagram for RASM showing model components and how
"uxes are communicated among them.
Figure 1. Model component domains, regions, and topography/bathymetry. The regions include North of the Arctic
Circle (AC; 66.56°N; purple circle), the central Arctic (CA; brown line), and the western bloom and eastern bloom
(WB and EB, respectively, green dashed lines). The WB and EB regions were chosen to correspond to the analysis
presented in Frants et al. (2020), which showed that these locations consistently represented areas of high PP.
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monthly mean output instead of daily output. A test utilizing daily output for 1 year revealed a difference of
<5% between the daily!averaged and monthly!averaged PP and sea ice concentration. This small difference
between time averaging (<5%) was true for all regions and ice concentration thresholds shown in Table 1.
3. Results
RASM results show between 44.5% and 68.1% of the diatom chl!a can be found beneath sea ice that is !50%
in concentration, depending on the region (regions shown in Figure 1; data shown in Table 1). These num-
bers are a mean over the time period of 1980–2018. As we increase the
sea ice concentration threshold (Table 1), the integrated ice!covered
diatom chl!a decreases. However, ice!covered chl!a is still important
even where sea ice is !90% (over 30% of the CA chl!a is found here).
PP was calculated as a sum from the model output variables of dia-
toms, small phytoplankton, and diazotrophs. Of these three, the dia-
tom functional group contributes the vast majority of biomass and
productivity (!gure not shown). The percentage of PP beneath sea
ice was highest in the CA region, with 63.0% occurring in waters cov-
ered by !50% sea ice and 52.3% in waters covered by !75% sea ice
(Table 1). The percentage of PP beneath the sea ice continues to be
important (40.8%) even in heavy ice (!85% concentration), although
the importance of ice!covered production dwindles where ice is!99%
(0.2% of PP).
PP in the CA peaks in June according to our mean annual cycle
model results (Figure 3). The vast majority of this June production
is found under sea ice (blue line in Figure 3), with only a very small
contribution from the open water fraction (red line). During July
the under!ice production slows while the open water fraction
increases. By August the open water fraction has become more
important than the under!ice fraction, likely due to solar insolation
and strati!cation of the water column; however, the total rate of pro-
duction is about 500 Gg C/d slower than the June peak. Interannual
variability in the under!ice production is largest in June with a range
of ~700 Gg C/d. Moving to the WB region (Figure 3), we again see a
peak in total production during June, which is predominantly found
under ice. The open water fraction is highest in August, with a mean
rate that is ~200 Gg C/d less than the June peak. The interannual
variability in under!ice production is very large for the spring and
summer months with a range of over 400 Gg C/d during June.
Table 1
Percentage of Ice!covered Pelagic Diatom Chl!a and PP that is Found in the Upper 122 m Under Various Sea Ice
Concentration Thresholds
Diatom chl!a PP
Ice concentration (%) CA WB EB AC CA WB EB AC
!50 68.1 49.1 56.8 44.5 63.0 46.7 46.7 35.3
!75 58.5 38.3 44.4 35.7 52.3 35.9 33.8 26.5
!85 47.2 29.6 33.4 27.6 40.8 27.4 23.7 19.5
!90 31.7 17.1 21.7 18.2 25.7 15.4 13.9 11.9
!99 5.3 2.0 1.9 2.8 0.2 0.1 0.05 0.1
Note. Percentages are averages over the simulation time period (1980–2018). Regions are shown in Figure 1.
Abbreviations: CA, central Arctic; WB, western bloom; EB, eastern bloom.
Figure 3. Mean annual cycle of PP (Gg C/d) in the CA region (upper panel) and
WB region (lower panel) over the period 1980–2018. The black line represents
the total; the blue line represents production in waters covered by !50% ice;
the red line represents production in waters with <50% ice. The shaded
blue area represents the interannual variability in production in waters covered
by !50% ice.
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Spatially, the long!term mean June PP is highest on the Chukchi and East Siberian shelves, as well as in the
Barents Sea (Figure 4a). PP during June 1980 tends to have lower values than during June 2011 in the WB
region (Figures 4b and 4c). However, the area with sea ice concentration!50% is larger in 1980 (blue contour
line), which offsets the lower magnitudes during that year and gives higher numbers for ice!covered PP.
We show that extensive ice!covered blooms have occurred frequently during spring in the past decades
(Figures 4d and 4e). These results are opposed to the traditional view of low biomass beneath sea ice and con-
sistent with recent observational !ndings by Arrigo et al. (2012) and Lowry et al. (2014). While the magni-
tudes of PP across the CA and WB tend to be lower during 1980–1998, the spatial area with heavy sea ice
is greater, thereby increasing the sea ice!covered contribution to total PP.
Although the bulk of total PP in the CA occurs under sea ice, the rate of PP is lower under ice than in ice!free
waters, as we would expect due to light attenuation caused by the sea ice. The regional mean PP under!85%
ice in the CA is 48 mg C m2/day and in areas of <85% ice the rate is 127 mg C m2/day. The under!ice PP
makes up the bulk of the total because the majority of the CA region is ice covered. So even though the rate
of under!ice production is lower, there is a large area in the CA that is ice covered.
The presence of sea ice greatly reduces the photosynthetically active radiation (PAR) available to primary
producers in the ocean. Table 2 shows the mean and trends of under!ice PAR in the CA region. The mean
PAR in waters covered by at least 50% ice is 3.533 (W/m2) and is 2.459 (W/m2) in waters covered by at least




Figure 4. Upper panels: Mean primary production (mg C/m2/d) during June averaged over 1980–2018 (a), 1980 (b), and 2011 (c). White contour lines represent
bathymetry (50, 500, and 2,000 m); green, blue, and magenta contour lines represent ice concentration (15, 50, and 85%, respectively). Lower panels: Time
series of monthly mean PP summed over the CA (d) and WB (e) regions (Gg C/d). Red lines represent the sum of PP in grid cells with ice concentration !85% and
black lines represent the total PP (regardless of ice presence).
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over the simulation time period (1980–2018) ranges between 8.97% (waters covered by at least 85% ice) and
13.26% (for waters covered by at least 99% ice).
Figure 5 shows the modeled June PAR during 1980 (a) and 2011 (b). A magenta contour line in Figure 5
denotes the 85% sea ice concentration. PAR values in the northern Bering, Chukchi, and Beaufort seas are
much higher in 2011 than in 1980 due to reduced sea ice presence. North of the 85% ice concentration line
(magenta line) we also see increased PAR values during 2011 compared with 1980. In addition, the under!ice
PAR is slightly higher in the northern WB region than the northern EB region. In particular, during June
2011 the under!ice PAR in the WB is up to 20 W/m2, while it only reaches values up to 10 W/m2 in the
EB. This difference in under!ice PARmeans that theWB is able to support more production due to increased
light availability during late spring.
Decadal linear trends for total diatom chl!a and PP were computed for each region over the simulation per-
iod (1980–2018; Table 3). These trends are all increasing, with an exception of the diatom chl!a in the EB
region. The strongest trends occur in the CA and WB regions. CA diatom chl!a is increasing at a rate of
3.2% of the mean per decade, and PP is increasing at a rate of 5.2% per decade. WB diatom chl!a is increasing
at a rate of 2.3% of the mean per decade and PP is increasing at a rate of 4.3% per decade. The higher trend
values for the CA and WB appear to be driven by larger declines in the sea ice area and thickness in the
Western Arctic over the last several decades (modeled !gures not shown; Perovich et al., 2018). In the EB
region, the diatom chl!a is likely decreasing at a rate of !1.5% per decade, while the PP is slightly increasing
at a rate of 1.0% per decade. Results from Frants et al. (2020) utilize these same model results and show that
the EB region appears to be dominated by an advected phytoplankton bloom, hence less dependent on
changes in the sea ice cover compared to one that is actually formed under the ice.
Realistic simulation of the sea ice cover, including area and thickness as well as the upper ocean mesoscale
variability in space and time, is essential for credible simulation of mBGC processes. The ability of RASM
to simulate a highly realistic sea ice cover has been documented elsewhere (Maslowski et al., 2012;
Table 2




Trends and 95% con!dence





!50 3.533 0.01068 (0.005666, 0.0157) 0.30 11.7
!75 2.873 0.006966 (0.003017, 0.01091) 0.24 9.36
!85 2.459 0.005563 (0.00226, 0.008866) 0.23 8.97
!90 2.132 0.006165 (0.0029, 0.009429) 0.29 11.31
!99 0.722 0.002441 (!0.005143, 0.01002) 0.34 13.26
Note. The means are for the period 1980–2018. The trends are given in absolute numbers (Column 3), as a percentage of
the mean (Column 4), and as a total percent change over the simulation time period (Column 5).
(a) (b)
Figure 5. Ocean surface PAR during June (a) 1980 and (b) 2011. Green, blue, and magenta contour lines represent ice
concentration (15%, 50%, and 85%, respectively).
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Roberts et al., 2015, 2018). These latest RASM results using CICE Version 6 (CICE6) represent a further
improvement and capability of relevance to mBGC modeling. The parameterization of melt ponds in
CICE6 allows for realistic simulation of light penetration into the upper ocean as snow and sea ice begin
to melt in spring and summer, which is important for spring bloom initiation (Arrigo et al., 2014; Horvat
et al., 2017; Palmer et al., 2014). Linear trends in the annual mean sea ice area and thickness are all negative
during the simulation period. According to RASM annual mean results, the CA region is losing 98,100 km2
(or 1.5%) and 1.29 km3 (or 10.8%) of sea ice area and volume per decade, respectively. The earlier and more
widespread summer melt has allowed for greater light availability and, subsequently, for increased produc-
tion in recent years. The areal melt has been more extensive in the western Arctic as opposed to the eastern
Arctic, with a loss of 3.8% per decade in the WB region and a loss of 2.3% per decade in the EB. The changes
in diatom chl!a concentration and PP are negatively correlated with changes in sea ice area and volume. The
strongest correlations exist between sea ice area and PP (R ! !0.85 for CA, !0.78 for WB, !0.83 for EB and
!0.89 for AC; all are signi!cant at the 90% level).
Arrigo and van Dijken (2011) estimated a total PP of 438 ± 21.5 Tg C/yr north of the AC (66.56°N) during the
period 1979–1998. The modeled total PP that is found within the same region is 495 Tg C/yr averaged over a
similar time period (1980–1998). It is important to note that the observed estimate is largely based on satellite
information and does not include ice!covered production. Therefore, the actual total PP might be consider-
ably higher, based on our model results shown here (Table 1). The modeled total PP averaged over the entire
simulation (1980–2018) is 507 Tg C/yr in the AC region.
4. Conclusions
For the past several decades, the majority of diatom chl!a and PP in the CA is found in waters that are at least
partially covered by sea ice, according to our pan!Arctic model results. This biological activity has largely
been left out of previous estimates of total PP in the Arctic (Arrigo et al., 2014) due to immense challenges
in observation, but has been hypothesized to be important (Arrigo & van Dijken, 2011). Observations indi-
cate that enormous phytoplankton blooms can exist and even develop beneath heavy ice (Arrigo et al., 2012).
Obtaining observations of phytoplankton chl!a and PP beneath sea ice during spring and early summer con-
tinues to be a logistical challenge. It is important to note the although the bulk of the PP occurs under sea ice,
the rates of PP are lower under ice than in open water. However, the under!ice area of the CA region is sub-
stantial, making it a large habitat for primary producers. We expect that as under!ice PAR continues to
increase, due to sea ice thinning and increased melt pond presence, we will see PP increase until nutrient
limitation takes over.
Populations of pelagic phytoplankton found beneath sea ice make up the bulk of PP in the CA and need to be
observed throughout the region, particularly during the spring and early summer, to improve understanding
of their contribution to the global carbon cycle. Although the model compares well with limited measure-
ments of an ice!covered bloom (Frants et al., 2020), more ice!covered observational data are needed to con-
!rm the commonality of annual springtime blooms in the western and EB regions as shown by the model.
State!of!the!art pan!Arctic models with mBGC, such as the one presented here, are not currently able to
simulate the extreme peaks of productivity that have been observed (Jin et al., 2016; Lee et al., 2016) and,
therefore, may underestimate the total production. However, the model output presented here is very useful
for determining spatial patterns and long!term trends in Arctic PP. In addition, model results are not limited
Table 3
Linear Decadal Trends (and 95% Con!dence Bounds in Parenthesis) in Total Diatom Chl!a (Gg/decade), Total Pp (Gg C/decade), Sea Ice Area (Million Km2/
decade), and Sea Ice Volume (Thousand Km3/decade) Over the Simulation Period (1980–2018) for Various Regions
Quantity CA WB EB AC
Diatom chl!a 2.91 (1.72, 4.11) 0.836 (0.0732, 1.60) !0.496 (!1.19, 0.199) 1.86 (0.0195, 3.71)
PP 27.6 (19.7, 35.5) 8.98 (3.59, 14.38) 1.93 (!2.25, 6.12) 33.7 (20.9, 46.5)
Sea ice area !0.0981 (!0.135, !0.0609) !0.0434 (!0.0640, !0.0228) !0.0287 (!0.0510, !0.00644) !0.183 (!0.241, !0.125)
Sea ice volume !0.129 (!1.50, !1.07) !0.0127 (!0.0184, !0.00705) !0.0195 (!0.0274, !0.0116) !0.148 (!0.172, !0.123)
Note. Regional abbreviations are de!ned in Figure 1.
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by space, time, or presence of sea ice. We believe that more realistic model representation of oceanmesoscale
dynamics (e.g. eddies), which requires further increases in spatial resolution of the physical and biological
model components, should help improve simulation of the large peaks and patchiness of biological
variables that occur in reality. In addition, we know that the representation of clouds is an area of needed
improvement in climate models (Taylor et al., 2019). Improved representation of clouds in future
simulations could further enhance the model's ability to simulate more accurate PAR at the ocean's
surface and, therefore, more accurate PP.
Model results presented here could serve as guidance to future !eld expeditions, especially if the present cap-
ability is expanded into a probabilistic prediction of sea ice!covered phytoplankton blooms at seasonal and
longer time scales. As the Arctic continues on a downward trend of sea ice presence, PP continues on an
upward trend. These two variables are highly correlated and are intricately linked. One of the key outstand-
ing questions in that regard is whether the upward trend in PP will continue as the Arctic sea ice approaches
seasonally ice!free conditions in summer. A second question to address in future modeling efforts is how the
changing sea ice will affect the balance between phytoplankton functional types.
Data Availability Statement
Model output that was used to generate the !gures and analysis in this article can be obtained (from the fol-
lowing website https://nps.box.com/s/ug6be32gdu7hpm49a5jarmimikq71xzr).
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